INTRODUCTION
Potato virus M (PVM), a carlavirus, has filamentous particles comprising multiple copies of an Mr 35 700 coat protein and a single-stranded infective RNA of Mr 2 400 000 (Proll et al., 1981 ; Wetter & M ilne, 1981 ; Tavantzis, 1984) . The 3' end of PVM RNA is polyadenylated (Tavantzis, 1984) . In vitro translation of PVM RNA yields a large polypeptide with an Mr of approx. 190K but little or no coat protein is synthesized during translation of PVM RNA (Szybiak & Legocki, 1981) . One explanation for this is that PVM resembles tobacco mosaic virus (Hunter et al., 1976) in using a subgenomic mRNA that is not encapsidated for coat protein synthesis.
In this study we cloned and sequenced cDNA to the Y-terminal region of the PVM genome in order to improve our understanding of the genome structure of carlaviruses. The cistrons for five putative PVM-encoded proteins have been localized and the predicted amino acid sequences have been compared with those of proteins of other plant viruses.
METHODS PVM RNA extraction. PVM (Russian wild strain) was purified from infected tomato plants as described by Proll et al. (1981) . RNA was isolated from purified virus preparations using the phenol-SDS method (Proll et al., 1981) with minor modifications.
cDNA cloning and sequencing. Double-stranded cDNA was synthesized using reverse transcriptase from avian myeloblastosis virus (Boehringer-Mannheim) and oligo(dT)l 2-1a (Pharmacia) as the primer for the first strand synthesis, and DNA polymerase I from Escherichia coli (Boehringer-Mannheim) and ribonuclease H (Promega Biotec) for the second strand synthesis (Gubler & Hoffman, 1983) . The double-stranded cDNA was ligated to a Sinai-cut plasmid pUCI9 or phagemid pTZ19 (Pharmacia) which were used to transform the competent E. coli strain XL-1B (Stratagene Gene Cloning Systems) as described by Maniatis et al. (1982) .
Ampicillin-resistant transformants were screened for PVM-specific inserts by colony hybridization (Grunstein & Hogness, 1975 ) with 3zp-labelled, oligo(dT)-primed cDNA. An alternative probe for clones containing the 3'-terminal sequences was PVM RNA labelled at the 3' end by ligation to [32p]cytidine-5',3'-bisphosphate (pCp) and T4 RNA ligase (Englund et al., 1980) and fragmented by mild alkaline hydrolysis (50 mM-Na2CO3, 65 °C for 10 rain). The resulting fragments were fractionated by electrophoresis in a 5% polyacrylamide gel and fragments not longer than 250 nucleotides were eluted and used for hybridization in the presence of poly(A) (50 p.g/ml). The insert size of recombinant cDNA clones was determined by restriction enzyme analysis of plasmid DNA samples. The nucleotide sequence of the cDNA inserts was determined by partial chemical degradation (Maxam & Gilbert, 1980) or by isolation of single-stranded DNA from phagemid-transformed clones and sequencing by the dideoxynucleotide chain termination method (Sanger et al., 1977) using T7 phage-derived Sequenase (United States Biochemical Corp.) and universal reverse sequencing primer (Pharmacia).
RESULTS AND DISCUSSION

Sequencing of the cDNA clones
The sequence of 2630 nucleotides of PVM RNA was deduced from 19 partly overlapping cDNA clones. These clones were selected on the basis of restriction enzyme mapping and crosshybridization (data not shown). The sequencing strategy for PVM cDNA inserts cloned into recombinant plasmids is shown in Fig. 1 . Two cDNA inserts were found to contain the viruscoded 40 to 60 bp poly(dA) sequence and to extend for 290 and 682 nucleotides toward the 5' terminus of the PVM genome. Their T-terminal location was confirmed by the strong hybridization of these clones with fragmented [5'-3Zp]pCp-labelled virion RNA (data not shown).
The sequence of 2630 bases of the T-terminal part of PVM genomic RNA and the deduced polypeptide sequences are shown in Fig. 2 . We have sequenced more than 97~ of the cDNA in both directions, and more than 50 ~ of the sequence was determined by examining two or three different clones covering each particular region. In total, six nucleotide variations (five transitions) were found between independent clones (see legend to .c r"
• F LP P P Q * 212 3 A[VqV T L P P P * 238 4 A L M A P P S * 249 influenza A virus (Lamb et al., 1985) , SH protein of simian virus 5 (Hiebert et al., 1988) and NS1 protein of flaviviruses (Rice et al., 1985) . Morozov et al. (1987) noted that several non-virion proteins of positive-sense RNA-containing plant viruses (potyviruses and carmoviruses) contain highly hydrophobic segments and might be membrane-bound. Small non-virion proteins of potexviruses, hordeiviruses and furoviruses are also hydrophobic and could interact directly with membranes (Morozov et al., , 1989 Forster et al., 1988) . The hydrophobicity of the PVM proteins was analysed by the method described by Eisenberg et al. (1984) . Using their criteria for hydrophobicity, protein-membrane interactions were predicted for the PVM 12K and 7K proteins (data not shown).
The fourth ORF extends from the AUG codon at positions 1325 to 1327 to the termination codon at positions 2237 to 2239. This ORF encodes a protein of 304 amino acids with an Mr of 33 906 (34K). Two lines of evidence suggest that the latter polypeptide is the PVM coat protein.
The Mr of the 34K protein is close to that determined by polyacrylamide gel electrophoresis for the PVM coat protein (35 700; Tavantzis, 1984) . The predicted PVM 34K protein sequence and the sequences of potexvirus coat proteins show several similarities most noticeably in the carboxy-terminal portions (Fig. 3) . For example, in the stretch of 120 carboxy-terminal amino acids of the PVM 34K protein there are 55, 48, 45 and 39 amino acids identical to those in the respective coat protein sequences of potato virus X (PVX) (Morozov et al., 1983) , papaya mosaic virus (PMV) (Short et al., 1986; AbouHaidar, 1988) , potato aucuba mosaic virus (PAMV) (Bundin et al., 1986) and white clover mosaic virus (WC1MV) (Harbison et al., 1988 1865
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Fig. 5. Amino acid sequence similarities between the predicted PVM 12K protein and the proteins potexviruses PVX and WC1MV Harbison et al., 1988) . Amino acids identical those in the PVM protein are indicated by boxes.
of to also short regions of similarity between the PVM 34K protein and the coat proteins of filamentous potyviruses. The same regions were found to be conserved between coat protein sequences of potyviruses and potexviruses Harbison et al., 1988; Lain et al., 1988) . The region between the 34K protein gene and the poly(A) sequence of PVM RNA contains a fifth ORF (positions 2236 to 2520) which encodes a polypeptide of Mr 10848 (11K). It contains a relatively high proportion of positively charged residues: 17 Arg and Lys residues and four residues of Glu and Asp. It also contains six Cys and two His residues clustered close to the carboxy-terminal region in which four residues are distributed in the pattern Cys-Xz-Cys-X12-Cys-X3-His resembling the consensus for metal-binding nucleic acid-binding 'fingers' (Klug & Rhodes, 1987) . Recently, a similar pattern was revealed by Morozov et al. (1989) in Cys-rich proteins of tobacco rattle tobravirus, barley stripe mosaic hordeivirus (BSMV) and beet necrotic yellow vein furovirus (BNYVV). A 'zinc-finger' nucleic acid-binding domain was also found in the coat protein of tobacco streak ilarvirus (Sehnke et al., 1989) and in the 12K protein of pea early browning tobravirus (S. A. MacFarlane, personal communication). The functional significance of this resemblance is obscure. Nevertheless, we speculate that the PVM 11K protein may be a nucleic acid-binding protein.
Possible modes of gene expression in the 3'-terminal region of PVM RNA
As shown above, the localization of coat protein genes is similar in the PVM and potexvirus genomes. On the basis of this resemblance, it can be speculated that carlaviruses and potexviruses have common pathways for expression of their Y-distal coat protein cistrons. Fig. 6 . Amino acid sequence similarities between the predicted 25K protein of PVM and parts of the corresponding proteins of PVX and WC1MV Skryabin et al., 1988b) , BSMV (Gustafson & Armour, 1986) and BNYVV (Bouzoubaa et al., 1986) . Numbers at top right indicate positions of amino acids from the amino terminus.
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ORFs in potato virus M RNA
Virus-specific subgenomic RNAs were found in potexvirus-infected cells (Dolja et al., 1987; Guilford & Forster, 1986; Bendena et al., 1987; Mackie et al., 1988) . The 5' end of the major PVX subgenomic RNA (GAAA box) is located five bases upstream from the initiation codon of the coat protein gene and the 5' end of the PVX 2-1 kb subgenomic RNA (GAAU box) was predicted to be located seven bases upstream from the AUG codon of the 25K protein gene on the basis of the nucleotide sequence alignment of the putative potexvirus mRNA promoters preceding the initiation codons of three potexvirus coat protein genes and two 25K to 26K protein genes Skryabin et al., 1988 a, b) . As in the case of potexviruses, the alignment of nucleotide sequences 5' to the initiation codons of the PVM 25K protein gene and the 34K protein gene revealed a region of nucleotide sequence homology (Fig. 4) . It is significant that a GAAA box is located 12 bases upstream from the AUG codon of the PVM 34K protein gene and a GAAU box is located 8 bases upstream from the initiation codon of the 25K protein gene ( Fig. 2 and 4) . Possibly, by analogy with potexviruses, these tetranucleotide blocks are the 5' termini of the corresponding PVM subgenomic mRNAs. Extended nucleotide sequences homologous to the upstream regions of the PVM 25K protein gene and the 34K protein gene were not found in the regions preceding the 12K, 7K and 11K protein genes. However, the junction sequences between the 25K and 12K protein genes (UGAUG), the 12K and 7K protein genes (AUGA) and the 34K and 11K protein genes (AUGA) have closely overlapping initiation and termination codons, and the expression of downstream ORFs could therefore be by the 'relay race' mechanism of translation (Gordon et al., 1988) or translational frameshift (for review see Valle & Morch, 1988) .
Protein comparisons with other plant virus-encoded proteins
Comparison of the 25K, 12K and 7K polypeptide sequences with those of other viruses showed significant similarities with several non-virion proteins of potexviruses. In addition the 25K and 12K proteins show similarities, although less extensive, with the non-virion proteins of BSMV and BNYVV. It has been shown previously that the genomes of the potexviruses, BSMV, and BNYVV contain a conserved block of three genes (Morozov et al., , 1989 Forster et al., 1988; Skryabin et al., 1988 a; Huisman et al., 1988) . The highest homology was seen in the 12K to 14K proteins for all three groups of these plant viruses (Morozov et al., , 1989 Forster et aL, 1988) . In accordance with this observation, the PVM 12K protein shares 40~ identity with the PVX 12K protein (Fig. 5) .
The 25K proteins of PVM and PVX were found to have 25 ~o identity (Fig. 6 ). These proteins are also similar to the 58K protein of BSMV and the 42K protein of BNYVV (Fig. 6) . As shown v.v.
RUPASOV AND OTHERS by Gorbalenya et al. (1988) all these polypeptides contain the consensus sequence of NTPutilizing DNA helicases including the sequence Gly-X-Gly-Lys-Ser/Thr which is probably involved in the formation of a phosphate-binding pocket (see also Hodgman, 1988; Skryabin et al., 1988a, b) . The PVM 7K protein derived from the 3' end of the triple block of genes did not resemble the corresponding BSMV and BNYVV proteins but was as similar to the 7K to 8K potexvirus proteins as were the 25K to 26K proteins of PVM and potexviruses (see Fig. 6 and 7) .
On the basis of these similarities, we suggest that the carlaviruses and potexviruses most probably form a 'supergroup' of related plant virus groups. The presence of an additional ORF at the 3' end of the PVM genome agrees with this suggestion. Insertions (or deletions) of a unique gene in RNA virus genomes have been found on comparison of different members in the tobravirus (Angenent et al., 1986) and coronavirus groups (de Groot et al., 1988) .
